The dual-resonant enhancement of mechanical and optical response in cavity optomechanical magnetometers enables precision sensing of magnetic fields. In previous working prototypes of such magnetometers, a cavity optomechanical system is functionalized by manually epoxy-bonding a grain of magnetostrictive material. While this approach allows proof-of-principle demonstrations, practical applications require more scalable and reproducible fabrication pathways. In this work, we scalably fabricate optomechanical magnetometers on a silicon chip, with reproducible performance across different devices, by sputter coating a magnetostrictive film onto high quality toroidal microresonators. Furthermore, we demonstrate that thermally annealing the sputtered film can improve the magnetometer sensitivity by a factor of 6.3. A peak sensitivity of 585 pT/ √ Hz is achieved, which is comparable with previously reported results using epoxy-bonding.
I. INTRODUCTION
Ultrasensitive magnetometers are key components for various applications, such as magnetic anomaly detection [1, 2] , mineral exploration [3, 4] , magnetoencephalography [5, 6] , and magnetic resonance imaging [7, 8] . Currently, the most advanced commercial magnetometer the superconducting quantum interference device (SQUID) based magnetometer [9] [10] [11] . However, the requirement of cryogenic cooling increases the complexity of SQUID magnetometer systems. To circumvent this requirement, various high precision magnetometers operating at room temperature have been developed [12] [13] [14] [15] [16] [17] [18] [19] . Among them, the cavity optomechanical magnetometer [16] [17] [18] [19] offers the advantages of small size, weight, and power consumption; ease of on-chip integration; high sensitivity; and broad bandwidth. In such magnetometers, the strain induced by a magnetic field on an embedded magnetostrictive material deforms the optical cavity. The resulting cavity resonance frequency shift is read out optically. The combination of resonance-enhanced mechanical and optical response [20] [21] [22] enables unprecedented transduction sensitivity [23, 24] , surpassing that of the previously demonstrated magnetostrictive magnetometers by several orders of magnitude [25] [26] [27] [28] .
The first working prototype of a cavity optomechanical magnetometer was realized by manually depositing a grain of the magnetostrictive material Terfenol-D on top of a microcavity, and affixing it using epoxy. This magnetometer achieved a sensitivity of hundreds of nT/ √ Hz [16] . The sensitivity was further improved, to a level of hundreds of pT/ √ Hz, by fabricating a central hole * Electronic address: w.bowen@uq.edu.au in the cavity structure and depositing Terfenol-D into it [17] . However, the manual deposition process requires precise positioning of micro-sized Terfenol-D grains relative to the microcavity. Combined with the use of epoxy-bonding, this makes the approach ill-suited for scalable fabrication. Furthermore, reproducible performance across devices is hard to realize, due to the random geometry of the Terfenol-D grain in each device. To overcome these challenges, in this work we develop a controllable fabrication method, by deterministically sputter coating thin films of Terfenol-D into the microcavities. With this method, the Terfenol-D deposition for all the devices in a complete wafer can be performed in one run. The sensitivity of 10 devices is characterized, showing quite similar performances across devices. A peak sensitivity of 585 pT/ √ Hz is achieved, which is comparable with previously reported devices fabricated using the manual deposition method [17] . Furthermore, by thermally annealing the sputtered Terfenol-D film, we show that the magnetostrictive coefficient can be increased by a factor of 6.3, leading to improvement in the sensitivity. This sputter coating method provides a scalable and reproducible fabrication pathway for cavity optomechanical magnetometers on a silicon chip.
II. DEVICE DESIGN AND FABRICATION
Figure 1(a) shows a schematic side view of the designed magnetometer. It consists of a silica microtoroid [29] with a Terfenol-D disk embedded inside, supported by a silicon pedestal. The silica toroid supports high quality (Q ) whispering gallery modes that confine optical field around its circumference. The system also supports high Q mechanical resonance modes, e.g., radial breathing mode ( Fig. 1(b) ). The mechanical motion modifies the circumference of the optical cavity, and thus shifts the optical resonance. In this magnetometer system, the Terfenol-D deforms in the presence of a magnetic field and exerts a force on the silica resonator at the boundary between Terfenol-D and silica. To maximize the force we make the Terfenol-D disk as large as possible given fabrication constrains. For a magnetometer with toroid outer radius of R=30 µm and Tefenol-D radius of r=23 µm, the cross sectional profile of the radial breathing mode (the region within the dotted frame shown in 1(a)) is shown in Fig. 1 (b), obtained using COMSOL Multiphysics. For this mode, the displacement distribution of the magnetometer along radial direction is plotted in Fig. 1(c) . From both Figs. 1(b) and (c), it can be seen that the displacement at the boundary between Terfenol-D and silica where the magnetic field induced force is exerted reaches a maximum. As a result, the deformation of Terfenol-D can effectively drive the mechanical motion of the silica resonator. In the simulation, the thickness of the Terfenol-D film is set to be 2 µm, and the radius of the silicon pedestal is 5 µm. The magnetometer fabrication process is shown in Fig.  2 . Starting from a silicon wafer (thickness of 500 µm) with a 2 µm-thick thermally oxidized silica layer on top (shown in (a)), silica annular disks are patterned with standard photolithography using a positive photoresist AZ 1518, followed by a hydrofluoric (HF) acid etching process (step (b)). Next a Terfenol-D thin film with similar thickness as the silica is sputter coated into the hole in each annular disk. For this, first the negative photoresist AZ 2070 is spin coated over the wafer, with the photoresist over the holes removed using a second photolithography step (step (c)). In this step, the radius of the opening in the photoresist is designed to be 5 µm larger than the holes on each side, to leave some toler- ance for alignment in the photolithography process. This also leaves some overlap between Terfenol-D and silica to increase the bonding between them. Then a layer of 2 µm-thick Terfenol-D film is sputter coated on top of the wafer (step (d)). Note that a 10 nm-thick gold layer is coated both below and above the Terfenol-D to protect it from oxidization; oxidization can spoil the magnetostriction and degrade the sensitivity of the magnetometer [30] . The excess Terfenol-D and gold outside the holes are removed through a lift-off process using acetone (step (e)). A xenon difluoride (XeF 2 ) etch is then performed to undercut the silicon pedestal (step (f)), followed by a carbon dioxide (CO 2 ) laser reflow process to melt the edge of the silica disk to form a toroid structure and increase the optical Q factor of the silica microcavity (step (g)). Finally a second XeF 2 etch is performed to further underetch the silicon pedestal (step (h)), in order to release the Terfenol-D from the silicon pedestal for better magnetic actuation. Note that in step (f), the silicon pedestal is kept ∼ 5 µm larger than the Terfenol-D disk on each side, to increase the thermal conductivity out of the Terfenol-D layer during the CO 2 laser reflow process, and thereby minimize the thermal load on the Terfenol-D.
III. DEVICE CHARACTERIZATION AND MEASUREMENT
A scanning electron microscope (SEM) image of a silicon chip with an array of silica microdisks with Terfenol-D disks embedded inside is shown in Fig. 3(a) . A magnified image of one disk is shown in (b), exhibiting good uniformity of the Terfenol-D film. The thickness of the Terfenol-D film is measured to be ∼ 2.2 µm. The final magnetometer device is shown in Fig. 3(c) , with toroid diameter of ∼80 µm.
To investigate the optical properties of the fabricated devices, we couple light from a laser in the 1550 nm wavelength band into the microtoroid through a tapered fiber with diameter of ∼1 µm. The transmitted light is detected using a 125 MHz-bandwidth InGaAs photoreceiver. The wavelength of the light from the laser is swept to find the optical resonance modes. Typical optical Q factors are found to be in the range of Q factors of 10 7 to 10 8 , similar to that of pure silica toroids [29] , indicating that the presence of Terfenol-D has no significant influence on the optical attenuation.
The mechanical motion of the microresonator translates into a periodic modulation of the intracavity field. Intensity (phase) modulation can be optically read out by locking the frequency of the probe light on the side (center) of the cavity resonance mode. In our experiment, the detuning of the laser is stabilized by thermally locking the laser at half maximum of the transmission on the blue-detuned side of an optical resonance [31] . The output probe light, captured by the tapered fiber, is detected by a photoreceiver. The direct current (DC) part of the photocurrent from the photoreceiver is sent to an oscilloscope to monitor the transmission. The alternating current (AC) part is sent to an electronic spectrum analyzer (ESA) to measure the mechanical spectrum of the cavity. To test the magnetic response of the magne-tometer, a solenoid is used to produce a magnetic field with a known strength. The frequency of the produced magnetic field can be swept by sweeping the frequency of the voltage applied to the coil from the output port of an electronic network analyzer (ENA), and the magnetic response of the magnetometer at each frequency is measured with the input port of the same ENA.
In such a cavity optomechanical magnetometer system, the main noise sources consist of the thermal noise N th from the environment and the shot noise N s from the probe laser. The thermal noise is proportional to the mechanical susceptibility, χ = 1/[m(ω 2 − Ω 2 − iΓ)] for a single mechanical mode case, with m being the effective mass of the mechanical oscillator, and Ω and Γ its resonance frequency and damping rate. The thermal noise reaches a maximum on mechanical resonance and decays rapidly when detuned off resonance, whereas the shot noise does not depend on the frequency. As a result, the total noise is typically dominated by the thermal noise on mechanical resonance, and by shot noise in the offresonance frequency ranges. The magnetic field induced signal S also follows χ. As both N th and S are proportional to the probe power, and N s is proportional to the squre-root of power, increasing the probe power reduces the relative contribution from shot noise, increasing the signal to noise ratio SNR = S/(N th + N s ), and therefore provides a better magnetic field sensitivity. At sufficiently high probe power the sensitivity will saturate at the thermal-noise-limited sensitivity. In our experiment, the thermal noise dominant regime is reached for most of the measured frequency range (0.5-60 MHz), with a probe power of only ∼50 µW. Figure 4(a) shows the noise power spectrum of one of the fabricated magnetometers in the frequency range from 1.5 MHz-12.5 MHz. Multiple peaks can be seen in the spectrum, which correspond to thermally excited mechanical modes. The profiles of four of the mechanical modes are shown in the inset, obtained using COMSOL Multiphysics. A zoom-in of the noise power spectrum in the frequency range of 8 MHz-8.8 MHz is shown in the dark grey curve in Fig. 4(b) , fitting well to a pair of Lorentzian peaks (red curve).
The magnetic field sensitivity of the magnetometer is then characterized. A magnetic field with known strength B ref at a certain frequency ω ref is first applied to the magnetometer, to obtain the sensitivity at this frequency δB(ω ref ). In order to obtain the magnetic response across the full frequency range, the frequency of the magnetic field is swept using the ENA. The magnetic response is found to vary significantly over frequency ranges of ∼10 kHz, as shown in the light grey curve in Fig. 4(b) , consistent with previously reported results, and attributed to sharp magnetostrictive resonances [16] . Modulo these steep resonances, the envelope of the magnetic response as a function of frequency follows the mechanical resonance spectrum, as shown by the blue curve. With the noise power spectrum N (ω) and the magnetic response spectrum R(ω), the sensitivity δB(ω) of the magnetometer in this frequency range can be derived Fig. 4(c) . The black curve in Fig. 4(c) is the predicted sensitivity that would be obtained in the absence of magnetostrictive resonances, derived using the data in the red and blue curves in Fig. 4(b) . A zoom-in of the sensitivity spectrum in the frequency range of 8.465 MHz is shown in Fig. 4(d) , with the peak sensitivity of ∼ 585 pT/ √ Hz and the 3-dB bandwidth of 16.8 kHz.
Studies show that the magnetostrictive coefficient of Terfenol-D is very sensitive to its composition [30] . In our experiment, the atomic composition of the sputter coated Terfenol-D film is measured via energy dispersive X-ray spectroscopy (EDS), to be 74% Fe, 8% Tb, and 18% Dy, which deviates from the ideal composition: 66% Fe, 10% Tb, and 24% Dy. Further optimization of the composition through optimizing the sputter coating parameters is desirable to further improve the sensitivity.
Due to the parallel and reproducible fabrication method, it is found that all magnetometers fabricated in this way show quite similar sensitivities. In Fig. 5(a) we plot the peak sensitivity of 10 different magnetometers fabricated on the same wafer, with sensitivity values ranging from 0.585 nT/ √ Hz to 7 nT/ √ Hz. The mean sensitivity achieved is 3.65 nT/ √ Hz (the dotted line) with a standard deviation of 2.19 nT/ √ Hz (the shaded area). As a comparison, in our experience the sensitivities of magnetometers fabricated with manual Terfenol-D deposition method in previous works can vary by more than two order of magnitude.
It has been shown that sputter coated Terfenol-D is amorphous which results in an order of magnitude smaller magnetostrictive coefficient than crystalline Terfenol-D [32] . Two methods could be used to make the Terfenol-D film crystalline: increasing the temperature of the substrate to 400
• C during the sputter coating process, or post annealing the amorphous Terfenol-D film at 400
• C [32] . In our case, the first method is not applicable, as the photoresist on the wafer cannot survive 400
• C, whereas the post annealing is suitable. We anneal the fabricated magnetometers at 400
• C for 6 hours at high vacuum (about 10 −7 Torr). Besides crystallizing the sputtered film, the thermal annealing also releases the stress in the film, which may affect the magnetostriction [32] . As shown in the power spectra of a magnetometer before and after the thermal annealing, driven by a magnetic field with a known strength at a frequency of 28.5 MHz, the SNR is improved by 16 dB after annealing, corresponding to an enhancement in sensitivity by a factor of 6.3.
IV. CONCLUSION
In summary, we have scalably fabricated on-chip cavity optomechanical magnetometers with reproducible sensitivities across devices, by sputter coating Terfenol-D thin films into high-Q microresonators. A peak sensitivity of 585 pT/ √ Hz is achieved, comparable to the previously reported result using manual Terfenol-D deposition method. It is also demonstrated that annealing the sputter coated Terfenol-D film can improve the magnetostrictive coefficient and therefore the sensitivity of the magnetometer, by a factor of 6.3. Further optimization of the sputter coating parameters is desirable to further improve the sensitivities. This sputter coating method provides a scalable and reproducible fabrication pathway for the chip integrated magnetometers, opening up possibilities for applications, such as on-chip microfluidic nuclear magnetic resonance and magnetoencephalography.
